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Biosynthesis of the lantibiotic peptide nisin by Lactococcus lactis NIZO R5 relies on the presence of the
conjugative transposon TnS276 in the chromosome. A 12-kb DNAfragment ofT M276 including the nisA gene
andabout 10 kb ofdownstream DNAwas cloned inL. lactis, resulting in the production ofan extracellular nisin
precursor peptide. This peptide reacted with antibodies against either nisin A or the synthetic leader peptide,
suggesting that it consisted of a fully modified nisin with the nisin leader sequence still attached to it. This
structure was confirmed by N-terminal sequencing and 'H-nuclear magnetic resoqnnce analysis ofthe purified
peptide. Deletion studies showed that the nisR gene is essential for the production of this intermediate. The
deduced amino acid sequence of the nisR gene product indicated that the protein belongs to the family of
two-component regulators. The deduced amino acid sequence of NisP, the putative product of the gene
upstream ofnisR, showed an N-terminal signal sequence, a catalytic domain with a high degree of similarity
to those of subtilisin-like serine proteases, and a putative C-terminal membrane anchor. Cell extracts of
Escherichia coli overexpressing nisP were able to cleave the nisin precursor peptide, producing active, mature
nisin. A similar activation was obtainedwith whole cells but notwith membrane-free extracts ofL. lactis strains
carrying TnS276 in which the nisA gene had been inactivated. The results indicate that the penultimate step in
nisin biosynthesis is secretion of precursor nisin without cleavage ofthe leader peptide, whereas the last step
is the cleavage of the leader peptide sequence from the fully maturated nisin peptide.
Nisin is a 34-residue antibacterial peptide that is produced
by several strains ofLactococcus lactis and strongly inhibits
the growth of a broad range of gram-positive bacteria (24).
Insertion of the peptide into the cytoplasmic membrane of
the target cell renders the membrane permeable to mono-
valent cations (18) and dissipates the proton motive force of
the cell (18, 37). The mature peptide displays several unusual
features, such as the dehydrated residues dehydroalanine
and dehydrobutyrine, which are derived from Ser and Thr
residues, respectively (22, 24), and lanthionine and P-meth-
yllanthionine residues, which form five intramolecular
thioether bridges. Molecular structures similar to those in
mature nisin are found in several other antibacterial peptides
secreted, e.g., by Bacillus subtilis (subtilin) (21) or Staphy-
lococcus epidermidis (epidermin and Pep5) (2, 42), together
forming the group of the lantibiotics (47; for a review, see
reference 25).
Recently, it was reported that two widely distributed
natural variants of nisin exist, named nisin A and nisin Z,
which differ in a single amino acid residue (11, 36). The
structural genes for both nisin A, nisA, and nisin Z, nisZ,
have been cloned and sequenced elsewhere (5, 14, 26, 36).
These studies showed that both nisin variants are riboso-
mally synthesized as 57-amino-acid precursor peptides
which are subjected to various modifications, including
cleavage of the 23-residue leader peptide.
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Although nisin has been known for its antibacterial activ-
ity since the early half of this century (34), its primary and
tertiary structure were resolved only much later (22, 58).
Many questions still remain about the enzymatic steps that
are required for nisin maturation and secretion in L. lactis.
One way to study the biosynthetic pathway for nisin produc-
tion is to analyze the genes involved in this process. It has
been shown that the production of nisin, immunity to nisin,
and other properties such as the fermentation ofsucrose, are
encoded on 70-kb conjugative transposons in L. lactis (23,
39; for a review, see reference 38). Some of the genes
downstream of nisA in L. lactis ATCC11454 and 6F3 have
recently been reported, including nisB, nisT (15, 52), and
nisC (15). It is assumed that NisB is a membrane-located
protein involved in the maturation ofnisin, since it is similar
to proteins encoded by genes involved in the biosynthesis of
epidermin (4, 46) and subtilin (6, 28). NisT has features of an
ABC-type translocator protein and also has counterparts in
the operons of the other lantibiotics (15, 30). The function of
nisC is unknown at the moment, but the deduced gene
product also shows similarities with those found in other
lantibiotics (15, 30). We have characterized TnS276 from L.
lactis NIZO R5 (39, 40) and found that its nisA gene is
followed by the nisB, nisT, nisC, andnisIgenes, constituting
approximately 7 kb (30). The nisI gene seems to be unique
for the nis operon and could code for a lipoprotein that is
involved in nisin immunity (30).
RNA studies suggested that the nisA gene is part of a
larger polycistronic operon (5, 52). We have found that the
TnS276nis genes are also coordinately transcribed as a 10-kb
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mRNA (30), suggesting that there are other nisin genes
downstream from nisI. Here, we report the cloning of a
12-kb DNA fragment of TnS276 that contains approximately
10 kb downstream of nisA and that encodes several if not all
proteins required for nisin biosynthesis in L. lactis. The
DNA downstream from the nisI gene has been characterized
by sequencing and expression studies inEscherichia coli and
was found to contain two genes, i.e., nisP, encoding a
membrane-anchored subtilisin-like serine protease, and
nisR, a regulatory gene which is essential for nisin produc-
tion. We show that L. lactis strains can be constructed which
secrete a nisin precursor peptide that still contains the leader
sequence attached to a fully modified mature nisin part. This
precursor can be activated in vitro by the activity of the
membrane-anchored NisP which cleaves off the leader se-
quence.
MATERUILS AND METHODS
Bacterial strains, plasmids, media, and growth conditions.
E. coli DH5a, K803 (43), HMS174 (54), and JM109(DE3)
(Promega Corporation, Madison, Wis.) were used as recip-
ient strains in cloning and expression experiments. L. lactis
strains used were NIZO R5 carrying the nisin-sucrose trans-
poson TnS276 (17, 36, 39) and the plasmid-free strain
MG1363 (19) and its streptomycin- and rifampin-resistant
derivative MG1614 (20). L. lactis NZ9800 is a derivative of
L. lactis MG1614 transconjugant NZ9700 (which is an inde-
pendent transconjugant identical to T165.1 and T165.5 [39],
described previously) carrying Tn5276, in which the nisA
gene has been exchanged by replacement recombination
with a modified nisA gene which contains a 4-bp deletion in
the pronisin-encoding part (30). The resulting strain, L. Iactis
NZ9800, is no longer able to produce nisin A (30). Plasmid
and bacteriophage vectors used in the cloning experiments
were lambda EMBL3 (43), pUC19, M13mpl8 (65), pET8c
for E. coli (41), and pIL253 for L. Iactis (51).
E. coli strains were grown in L broth (43) at 37°C, whereas
L. Iactis strains were cultivated without aeration at 30°C in
M17 broth (Difco Laboratories, Detroit, Mich.), containing
0.5% (wt/vol) glucose or sucrose. For nisin production, cells
were grown in SPYS medium (1% sucrose, 1% Bacto Pep-
tone [Difco], 1% yeast extract [Difco], 0.2% NaCl, 0.002%
MgSO4 7H20, and 1% KH2PO4 [pH 7.0]). When appropri-
ate, media were supplemented with antibiotics in the follow-
ing amounts: ampicillin, 50 ,ug/ml; erythromycin, 5 ,ug/ml;
and chloramphenicol, 10 ,ug/ml (for E. coli) and 5 jig/ml (for
L. Iactis). For gene expression by use of the T7 expression
system in E. coli JM109(DE3), cells were induced by adding
isopropyl-3-D-thiogalactopyranoside (IPTG) to the growth
medium at a concentration of 1 mM.
DNA manipulations and sequence analysis. Plasmid and
bacteriophage DNA isolations from E. coli cells or lysates,
as well as transformations ofE. coli strains, were carried out
according to established procedures (43). Total DNA and
plasmid DNA from lactococcal cells were isolated as de-
scribed previously (39, 62). DNA was transformed into L.
Iactis by means of electroporation essentially as described
previously (61). Restriction enzymes, T4 DNA ligase, and
other DNA-modifying enzymes were purchased from
GIBCO-BRL Life Technologies (Gaithersburg, Md.), New
England Biolabs Inc. (Beverly, Mass.), or Promega Corpo-
ration and were used as recommended by the manufacturers.
DNA sequencing was performed by using the dideoxy-
chain termination method described by Sanger et al. (44),
modified as described for the Sequenase 2.0 system of U.S.
Biochemical Corporation (Cleveland, Ohio), with a-35s-
dATP (3,000 Ci/mmol; Amersham International, Amersham,
United Kingdom). To overcome sequence compressions,
dITP instead of dGTP was routinely incorporated in the
reactions. Oligonucleotides used as primers in sequencing
reactions were synthesized in a Cyclone DNA synthesizer
(Biosearch, San Rafael, Calif.). Computer analyses of DNA
and amino acid sequence data were performed with the
programs of PC/GENE (Genofit, Geneva, Switzerland).
Amino acid sequence homology searches in the EMBL-
GenBank and Swiss Prot-PIR data bases were performed
with the FASTA and TFASTA programs in the Genetics
Computer Group package (8), whereas multiple sequence
alignments were made with the PILEUP and CLUSTAL
programs.
Cloning of the nis operon and construction of plasmids.
Recombinant phages carrying nis genes of transposon
Tn5276 (39) (see Fig. 1), were isolated from a gene library of
L. lactis NIZO R5 genomic DNA in lambda EMBL3 (39) by
use of hybridization with a DNA fragment harboring the
nisA gene. Insert DNAs of these recombinant phages were
characterized by subsequent restriction digestions and hy-
bridizations with the nisA gene probe. From one of the
recombinant phages, the lactococcal insert DNA containing
nisA and more than 10 kb of DNA downstream ofnisA was
recovered as a unique 14-kb BglII-SmaI fragment. This
fragment was cloned in E. coli with pUC19, generating
plasmid pNZ9100, which was used in further subcloning
experiments and for determination of the DNA sequence
(see Fig. 1A and B). For construction of plasmids in L.
lactis, two other subclones were generated; pNZ9102, which
contains the 11.0-kb KjnI fragment of pNZ9100 in pUC19;
and pNZ9107, which contains the 3.0-kb PstI fragment of
pNZ9100 in pUC19 (see Fig. 1A). Plasmid pNZ9110 was
then constructed by isolation of the 10-kb KpnI-SalI frag-
ment of pNZ9102, which was ligated with pIL253 digested
with the same enzymes and transformed into L. lactis
MG1363. This plasmid was digested with PstI and SalI, and
the 13.0-kb fragment (including the major part of the insert
and the vector) was recovered and ligated with a 3.0-kb
partialPstI-SaiI fragment ofpNZ9107. Aftertransformation,
this resulted in plasmid pNZ9112 (see Fig. 1A). Plasmid
pNZ9111 was constructed in a manner similar to that of
pNZ9112, although in this case a 2.4-kb PstI-SaiI fragment
was inserted in a reverse orientation (see Fig. 1A). For the
construction of pNZ9114, plasmid pNZ9110 was first di-
gested with PstI andSall, the large fragment was recovered,
and this fragment was ligated with a 1.2-kb PstI-KpnI
fragment and a 1.8-kb KpnI-SalI fragment derived from
plasmid pNZ9107. The integrity of the constructed plasmids
was confirmed after transformation into L. lactis by restric-
tion endonuclease digestions. The construction ofpNZ9000,
containing a 9.2-kb PstI insert cloned in pIL253, has been
described previously (32).
Detection of gene products of the nis genes in E. coli. To
detect the gene products of the two open reading frames
(ORFs) predicted from the DNA sequence of the 3'-located
region of the nis operon, TnS276 DNA fragments from
plasmids pNZ9100 and pNZ9107 were subcloned into the T7
expression vector pET8c. The resulting plasmids are dia-
grammed in Fig. 1B. Plasmid pNZ9124 contains a 1.3-kb
ScaI-PstI fragment encompassing ORF2 (see below). In
plasmid pNZ9127, the unique BclI-site ofplasmid pNZ9124
was removed by digestion, treatment with Klenow poly-
merase, and religation. The first ORF was cloned on a 2.3-
kb AvaI-BciI fragment into pET8c, resulting in plasmid
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pNZ9125. In plasmid pNZ9125A, the internal EcoRI frag-
mentwas removed. Expression ofthe two ORFs from the T7
promoter in E. coli JM109(DE3) was analyzed after induc-
tion of the cells at an optical density at 620 nm of 0.5 for 2 h
by the addition of 1 mM IPTG. Protein samples were
prepared from the cell pellet of 1 ml of the induced cultures
by resuspension of the pellet and by boiling for 10 min in
loading buffer and were analyzed by electrophoresis on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels following established procedures (33). No
expression products were observed with plasmids pNZ9125
and pNZ9125A on Coomassie brilliant blue-stained gels.
Therefore, the induction was repeated with L-[35S]methio-
nine (Amersham) labeling of the proteins in the presence of
rifampin (54). Labeled proteins were analyzed by SDS-
PAGE as described above and were visualized by autora-
diography.
Production and analysis of nisin and precursor nisin pep-
tides. Production and secretion of nisin or nisin precursor
peptideswere analyzed in the supernatant ofL. lactis strains
which were routinely cultivated overnight in SPYS medium.
Proteins in 0.9 ml ofthe supernatant were precipitatedbythe
addition of 0.1 ml of 100% trichloroacetic acid, dissolved in
50 mM of NaAc buffer (pH 6.0), and subsequently separated
by SDS-PAGE (45) and detected by silver staining. Molec-
ular weight markers from GIBCO-BRL were used as size
markers. Western blots and the production and use of
antibodies against purified nisin A or synthetic leader pep-
tide (a gift of A. G. Beck-Sickinger and G. Jung, Tubingen,
Germany) were as described previously.
Nisin A and nisin precursor peptide produced by strains
NIZO R5 and MG1363 harboring pNZ9111, respectively,
were purified by chromatography on Fractogel TSK butyl
650-S followed by reversed-phase high-performance liquid
chromatography (RP-HPLC) as described previously (31,
36). N-terminal sequencing of precursor nisin species was
performed at the SON sequencing facility (R. Amons, De-
partment of Medical Biochemistry, Sylvius Laboratory,
Leiden, the Netherlands) by use of an automated gas-phase
sequenator (Applied Biosystems).
Protease activity assay. Purified nisin precursor peptide
was incubated either with extracts from E. coli cells or with
whole or fractionated L. lactis cells, and then the cleavage
products were analyzed by HPLC as well as for antibacterial
activity. Cells of E. coli JM109(DE3) harboring pNZ9125
were induced with IPTG as described above, disrupted in a
Biospec homogenizer (Biospec Products, Bartlesville,
Okla.) three times (1 min each) in the presence of glass
beads, and centrifuged for 5 min at 12,000 rpm in a Sorvall
SS34 rotor to remove cell debris and membranes. Cultures of
L. lactis MG1614 or NZ9800 were grown for 7 h in SPYS and
centrifuged, and the supernatant and cells were further used.
In addition, equal amounts of L. lactis cells were disrupted
in a Biospec homogenizer as described above and used to
prepare a debris- and membrane-free extract. Five microli-
ters of purified precursor nisin A (5 mg/ml) was incubated
with 10 ,ul of either one of the fractions (supernatant, cells,
or membrane-free extract) originating from 10 ,lp ofL. lactis
culture or supernatant, a five times-concentrated extract
from 50 ,ul ofE. coli orL. lactis cells, or trypsin (10 mg/ml).
Incubations were carried out for 30 min in a total volume of
100 ,ul at 30°C in a 50 mM sodium acetate buffer (pH 6.0).
After incubation, samples were acidified with 1 pl of acetic
acid and analyzed further. Cleavage ofthe precursor peptide
was analyzed by injection of 50 ,ul of the sample on HPLC,
operated with a C18 RP column. Protein components were
eluted by a mixed linear gradient of 10 to 23% buffer B (90%
aqueous acetonitril, 0.07% trifluoroacetic acid) for 10 min,
followed by 23 to 28% buffer B in buffer A (10% aqueous
acetonitril, 0.1% trifluoroacetate) for 40 min at a flow rate of
0.1 ml min-'. A 10-fold dilution of the remaining sample in
50mM NaAc was further used in a bioassay with Micrococ-
cusflavus DSM 1790 (obtained from the German Collection
of Microorganisms, Braunschweig, Germany) to determine
antimicrobial activity as described elsewhere (11).
GenBank accession number. The nucleotide sequence pre-
sented here has been deposited with GenBank under acces-
sion number L11061.
RESULTS
Cloning ofthe nisin biosynthesis gene cluster. The conjuga-
tive sucrose-nisin transposon Tn5276 can be transferred into
L. lactis strains such as MG1614 (19, 20), and transcon-
jugants subsequently produce nisin and show immunity to
nisin (39). Previous studies had shown that pNZ9000, which
contains a 9.2-kb PstI fragment ofTn5276 including the nisA,
nisB, nisT, nisC, and nisI genes (Fig. 1A), could be trans-
formed into L. lactis MG1614 but did not induce nisin
production or confer full immunity to nisin (32). Therefore,
we attempted to clone larger TnS276 fragments that would
allow a full complementation of nisin production and immu-
nity. From a genomic library of L. lactis NIZO R5 DNA,
which was produced in E. coli with lambda EMBL3 (39),
recombinant phages were isolated by using hybridization
with a nisA gene probe. One such recombinant phage,
designated EMBL3-nis, carried an insert DNA with an
approximate size of 14 kb and was found to contain more
than 10 kb of DNA downstream of the nisA gene (Fig. 1A).
The L. lactis insert DNA of EMBL3-nis containing the nis
genes was subcloned in the plasmid vector pIL253 (51)
suited for transformation of various gram-positive bacteria,
resulting in pNZ9112 (Fig. 1A). Interestingly, we observed
that L. lactis MG1614, harboring pNZ9112, secreted large
amounts of a 6-kDa peptide (Fig. 2). Similar results were
found with MG1614, harboring pNZ9114, which lacks a
SalI-PstI fragment downstream from the nis genes (Fig. 1A).
In contrast, MG1614, harboring pIL253 derivatives with
smaller inserts such as pNZ9000 or pNZ9110 (Fig. 1A), did
not produce and secrete such a peptide into the extracellular
medium. The 6-kDa peptide was found to be a precursor
product of nisin (see below), and therefore we decided to
analyze in more detail the 3.5-kb HindIII-PstI fragment that
is present on the insert of pNZ9112 but not on that of
pNZ9000.
Nucleotide sequence determination of the nisP and nisR
genes and their expression inE. coli. The nucleotide sequence
of a 3,446-bp HindIII-PstI fragment of TnS276 DNA (Fig. 1)
was determined (Fig. 3) and revealed two large, adjacent
ORFs. The first ORF (designated nisP; see below) starts
with a GTG codon at position 29 and ends with a TGA codon
at position 2077. The GTG codon is preceded by a DNA
sequence at position -11 to -8 (AGGA) with homology to a
consensus ribosome-binding site (AG = -9.4 kcal [ca. -39
kJ] mol-') (9, 54, 57). The nisPgene could encode a protein
of 682 residues with a molecular mass of 74,753 Da. The
putative start codon of the nisP gene was found to overlap
with the stop codon of an ORF located upstream, designated
nisI (30). The second ORF (designated nisR; see below)
spans 689 nucleotides, from position 2143 to 2832 (Fig. 3).
The nisR ORF also starts with a GTG codon, which is
preceded by a potential ribosome-binding site (GGAGG; AG
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FIG. 1. Constructs used in this study. The region ofTnS276 from which the DNA fragments with the nis genes were derived is shown at
the top. The locations ofthesac genes for sucrose fermentation and thexis andint genes forthe transposition functions (39) are also indicated.
Below this, a physical map is drawn of the insert DNA fragment of the EMBL3 derivative, EMBL-nis. Known and postulated gene
assignments (15, 26, 30, 39) are indicated. (A) Various plasmid maps used throughout the present study. Plasmids pNZ9100, pNZ9102, and
pNZ9107 are pUC19 derivatives used in E. coli. Below this, the different plasmids used for expression studies in L. lactis are shown. The
cloned Tn5276 DNAfragments are drawn as thick bars. The ends ofthenisP andnisR ORFs point in the direction oftheir transcription. Only
relevant restriction sites are shown. (B) Plasmids which were used in E. coli. An enlarged view of the region which was analyzed by DNA
sequencing and expression studies is shown. The DNA sequence ofthe fragments was determined, with sizes and directions indicated by the
arrows. The direction of transcription from the pET8c localized T7 promoter (410) is indicated. Restriction sites which were used for
construction of EMBL-nis are printed within brackets. An asterisk indicates the site that was removed to alter the reading frame ofnisR.
Symbols: A, AvaI; Bc, BclI; Bg, BglII; E, EcoRI; Ev, EcoRV; H, HindIII; K, Kpnl; P, PstI; S, SaIl; Sc, ScaI; Sm, SmaI.
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FIG. 2. Production and secretion of nisin peptide species by L.
lactis strains, visualized on Tricine-SDS-PAGE gels stained with
silver nitrate. Lanes: 1, molecular mass marker; 2, nisin A; 3,
trichloroacetic acid-precipitated supernatant of L. lactis MG1363
(pNZ9111); 4, trichloroacetic acid-precipitated supernatant of L.
lactis MG1363(pNZ9112). Sizes indicated on the left are in kilodal-
tons. Arrows show the positions of mature nisin (3.5 kDa) and
precursor nisin (6 kDa).
= 14.4 kcal [ca. 60.2 kJ] mol') at a distance that falls
within the range (-5 to -9) that is usually observed for L.
lactis genes (9, 57). The nisR gene could encode a polypep-
tide of 229 residues with a molecular mass of 26,682 Da.
Expression of nisP and nisR in E. coli JM1O9(DE3) under
control of the inducible T7 promoter system of plasmid
pET8c was analyzed (54). Upon induction of E. coli
JM1O9(DE3) carrying plasmid pNZ9124 with the intact nisR
gene, we observed strong expression of a polypeptide which
was visible on Coomassie brilliant blue-stained gels, which
had an apparent size of 29 kDa (Fig. 4A, lane 3), which is in
good agreement with the predicted size for the nisR gene
product. This polypeptide band was not visible in protein
extracts from induced cells of E. coli JM1O9(DE3) carrying
plasmid pET8c itself, or carrying plasmid pNZ9127, in which
the reading frame of nisR was interrupted by introducing a
frameshift mutation (Fig. 4A). Expression of nisP could not
be observed on Coomassie brilliant blue-stained gels. There-
fore, plasmid-encoded proteins were selectively labeled with
L-[35S]methionine in a reduced background by induction of
E. coli JM1O9(DE3)(pNZ9125) in the presence of rifampin
(Fig. 4B). Upon induction, gel electrophoresis, and autora-
diography, a protein band with an apparent size of approx-
imately 54 kDa became visible; this was absent from the
control strains E. coli JM1O9(DE3) harboring plasmids
pET8c or pNZ9125. The observed size of54 kDa for NisP in
E. coli is significantly smaller than the predicted size of 75
kDa but is in good agreement with the proposed processing
and removal of a pre-pro sequence of 195 to 220 residues
(corresponding to approximately 21 to 24 kDa) (see below).
The nisP gene product is a serine protease. The deduced
amino acid sequence of NisP shows similarity to sequences
of subtilisin-like serine proteases (50), which include not
only the well-known enzymes subtilisin and thermitase, but
also the cell envelope proteinase from L. lactis (29, 61) and
the putative epidermin leader peptidase EpiP from S. epider-
midis (46) (Fig. 5). The amino acid sequence of NisP shows
the conserved sequences (residues 253 to 269, 306 to 316,
and 510 to 528) around the three active-site residues Asp,
His, and Ser and around the oxyanion hole residue Asn
(residues 397 to 409) which are characteristic of this family
(50); in NisP, these catalytic residues are predicted to be
Asp-259, His-306, Ser-512, and Asn-407, respectively.
The total amino acid sequence of NisP (Fig. 3) is consid-
erably longer than those ofthe other aligned serine proteases
given in Fig. 5. By analogy with these proteases, the
catalytic domain of NisP extends from about residues 220 to
570, and it is flanked by an N-terminal pre-pro sequence of
about 220 residues and a C-terminal extension of about 110
residues (Fig. 5). The most N-terminal residues have the
characteristics of a prokaryotic secretory signal sequence
(59, 60), and a potential signal peptidase cleavage site is
predicted between residues Gly-22 and Glu-23. Further-
more, the last 30 C-terminal residues have the characteristics
of a consensus membrane anchor sequence as found in
gram-positive bacteria (16). Together, these features suggest
that the nisP primary translation product is processed to a
mature, active form of the protease which, after transloca-
tion, remains anchored in the cell membrane, as is also the
case for the L. lactis cell envelope proteinase (10). The
proposed catalytic domain of NisP shows the greatest simi-
larity in sequence and length to the corresponding segment
ofEpiP (42% identity and 60% similarity in 350 residues [Fig.
5]). In contrast, the N-terminal pre-pro sequences of NisP
and EpiP differconsiderably in size (220versus 110 residues)
and are not significantly similar, while the C-terminal exten-
sion found in NisP is completely absent in EpiP.
The nisR gene product shows similarity to the regulatory
proteins of two-component regulatory systems. The deduced
amino acid sequence of the nisR gene product shows simi-
larity to the family of transcriptional regulatory proteins of
two-component regulatory systems (1, 53) (Fig. 6). The
similarity is highest (44% identity and 70% similarity in 229
residues) with the putative response regulator SpaR of the
subtilin operon (27), and there is also a high degree of
similarity (32 to 33% identity and 55 to 61% similarity in 229
residues) to the response regulators PhoP from B. subtilis
(48) and OmpR from E. coli (7), which are all of sizes (220 to
241 residues) similar to that of NisR, and to PhoB from
Pseudomonas aeruginosa (3). The N-terminal sequence of
about 110 residues shows the highest degree of amino acid
identity with other regulatory components of sensory trans-
duction systems (1, 53). The active-site residues are con-
served in all members of the family, and, by sequence
identity, in NisR are predicted to be Asp-10, Asp-53 (a
phosphorylation site), and Lys-102.
L. lactis cells carrying nisR and the nis biosynthesis genes
produce and secrete a precursor nisin peptide. Plasmids with
an insert containing an intact nis region (nisA to nisR), such
as pNZ9112 orpNZ9114 (Fig. 1A), resulted in the production
and secretion of a small peptide after introduction into
MG1614 (Fig. 2). The size of the secreted peptide was
approximately 6 kDa, which is about the size expected for a
precursor peptide of 57 amino acids. No such peptide was
found in supernatants of MG1614 harboring either pNZ9000
or pNZ9110. However, when the orientation of nisR was
inverted and nisP was interrupted (such as in plasmid
pNZ9111), a peptide with a similar size was secreted by the
lactococcal cells (Fig. 2). This indicated that the presence of
nisR is required for synthesis of the 6-kDa peptide, whereas
nisP is not. N-terminal sequencing of the HPLC-purified
6-kDa peptide of L. lactis MG1614 harboring pNZ9111
showed the presence of the amino acid residues predicted
from the primary sequence, except for the initial methionine.
The sequence determined was STKDFNLDLVSVSKKDS
GASPR. The peptide sequencing stopped as expected at
residue 24, which in mature nisin is dehydrobutyrine at
position 2. Preliminary 'H-nuclear magnetic resonance anal-
ysis of the 6-kDa peptide indicated the presence of one
dehydroalanine and two dehydrobutyrine residues, as well
as lanthionine and P-methyllanthionine residues, in addition
to the unmodified leader peptide. Thiswas further confirmed
by the reaction of the 6-kDa peptide with antiserum raised
J. BACT1ERIOL.HindIII
AAGCTTGCAACGAAGGTAGGAAACTAGAGTGAAAAAAATACTAGGTTTCTTTTTATCGTTTGTTCGTTGGGTTTATCAGCAACTGTGCATGGGGAGACA 100
start nisP V K K I L G F L F I V C S L G L S A T V H G B T 24
ACAAATTCACAACAGTTACTCTCAAATAATATTAATACGGAATTAATTAATCATAATTCTAATGCAATTTTATCTTICAACAGAGGGATCAACGACTGATT 200 T N S Q Q L L S N N I N T E L I N H N S N A I L S S T E G S T T D 58
PstCI
3GATTAATCTAGGGGCGCAGTCACCTGCAGTAAAATCGACAACAAGGACTAATTGGATGTAACTGGTGCTGCTAAAACTTTATTACAGACATCAGCTGT 300 S I N L G A Q S P A V K S T T R T E L D V T G A A K T L L Q T S A V 91 * . . . EcoRI
TCAAAAAGAAATAAAGTTTCGTTGCAAGAAACTCAAGTTAGTTCTGAATTCAGTAAGAGAGATAGCGTTACAAATAAAGAAGCAGTTCCAGTATCTAAG 400 Q K E M K V S L Q E T Q V S S E F S K R D S V T N K E A V P V S K 124
GATGAGCTACTTIGAGCAAAGTGAAGTAGTCGTTTCAACATCATCGATTiCAAAAAAATAAAATCCTCGATAATAAGAAGAAAAGAGCTAACTTCGTTACTT S0O D E L L E Q S E V V V S T S S I Q K N K I L D N K K K R A N F V T 158
CCTCTCCGCTTATTAAGGAAAAACCATCAAATTCTAAAGATGCATCTGGTGTAATTGATAATTCTGCTTCTCCTCTATCTTATCGTAAAGCTAAGGAAGT 600 S S P L I K F K P S N S K D A S G V I D N S A S P L S Y R K A K E V 191
GGTATCTCTTAGACAACC ri I AAAAATCAAAAAGTAGAGGCACAACCTCTAT=ATAAGTAATTCTTCTGAAAAGAAAGCAAGTGTTTATACAAATTCA 700 V S L R Q P L K N Q K V E A Q P L L I S N S S E K K A S V Y T N S 224
CATGATTTTTGGGATTATCAG7GGGATATGAAATATGIGACAAATAATGGAGAAAGCTATGCGCTCTACCAGCCCTCAAAGAAAATTTCTTTGGAATTA Soo H D F W D Y Q W D M K Y V T N N G E S Y A L Y Q P S K K I S V G I 258
TTGATTCAGGAATCATGGAAGAACATCCTGATTTGTCAAATAGTTTAGGAAATTATTTTAAAAATCTTGTTCCTAAGGGAGGGTTTGATAATGAAGAACC 900 I : S G I M E E H P D L S N S L G N Y F K N L V P K G F D N E E P 291
Sal I
TGATGAAACT&GAAATCCAAGTGATATTGTCGACAAAATGGGACAGGGACGGAAGTCGCAGGTCAGATTACAGCAAATGGTAATATTTTAGGAGTAGCA 1000 D E T C N P S D I V D K M G E G T E V A G Q I T A N G N I L G V A 324
CCAGGGATTACTGTAAATA'TATACAGAGTATTT=GGTAAAATCTTTCGAAATCGGAATGGGTAGCTAGAGCAATAAGAAGAGCTGCGGATGATGGGAACA 1100 P G I T V N I Y R V F G E N L S K S E W V A R A I R R A A D D G N 358
AGGTCATCAATATAAGTGCTGGACAGTATCTTATGATTTCAGGATCGTATGATGATGGAACAAATGATTATCAAGAGTATCTTAATTATAAGTCAGCAAT 1200 K V I N I S A G Q Y L M I S G S Y D D G T N D Y Q E Y L N Y K S A I 391
AAATTATGCAACAGCAAAAGGAAGTATGTTGTCGCAGCCTCTTGGTAcTGATAGTTTAAACATACAAGATAACCAAACAATGATAAACTTTCTTAAGCGT 1300 N Y A T A K G S I V V A A L GC D S L N I Q D N Q T M I N F L K R 424
TTCAGAAGTATAAAGGTTCCTGGAAAAGTTGTAGATGCACCGAGTGTATTTGAGGATGTAATAGCCGTAGGTOGAATAGATGGTTATGGTAATATTTCTG 1400 F R S I K V P G K V V D A P S V F E D V I A V G G I D G Y G N I S 458
ATTTTAGTAATATTGGAGCGGATGCAATTTATGCTCCTGCTGGCACAACGGCCAATTTT'rAAAAAATATGGGCAAGATAAATTTGTCAGTCAGGGTTATTA 1500 D F S N I G A D A I Y A P A G T T A N F K K Y G Q D K F V S Q G Y Y 491
KpnI
TTTG.AAAGATTGGCTTTTACAACTGCTAATACTGGCTOGTACCAATATGTTTATGGCAACMSTTTGCTACTCCTAAAGTATCTGGGGCACTGGCATTA 1600 L K D W L F T T A N T C W Y Q Y V Y G N JF A T P K V S G A L A L .524
* EcoRI
GTAGTTGATAATArMGAATAAAGAATCCTAACCAACTAAAAAGG= TTTTAATGAATTCTCCAGAAGTTAATGGGAATAGAGTATTGAATATTGTTG 1700 V V D K Y G I K N P N Q L K R F L L M N S P E V N G N R V L N I V 558 . HindIII .
ATTTATT1AATGGGAAAAATAAAGCTTTTAGCTTAGATACAGATAAAGGTCAGGATGATGCTATTAACCATAAATCGA0GGAGAATCTTAAAGAGTCTAG 1800 D L L N G K N K A F S L D T D K G Q D D A I N H K S M E N L K E S R 591
GGATACAATGAAACAGGAACAAGATAAAGAAATTCAAAGAAATACAAATAACAATTTTCTATCAAAAATGATTTTCATAACATTTCAAAAGAAGTAATT 1900 D T M K Q E Q D K E I Q R N T N N N F S I K N D F H N I S K E V I 624
TCAGTTGATTATAATATTAATCAAAAAATGGCTAATAATCGAAATTCGAGAGGTGCTGTTTCTGTACGAAGTCAAGAAATTTTACCTGTTACTGGAGATG 2000 S V D Y N I N Q K M A N N R N S R G A V S V R S Q E I L P V T C D 658
GAGAAGA'T'll'l wlACCGGCTTTAGGTATAGTGTGTATCTCAATCCTTGGTATATTGAAAAGAAAGACTAAAAATTGATAGATTATATTTCTTCAGAATGA 2100 C E 0 F L P A L C I V C I S I L C I L K R K T K N * 682 .ScaI . . . BclI
AMGTATAATGAAGTAArMAGTACTAAACAATCGGAGGTAAAGTGGTGTATAAAATITTAATAGT7UATGAMATCAGGAAATTiTAAAATTAATGAAGA 2200
start nisR V V Y K I L I V D D D Q E I L K L M K 20
CAGCATTAGAAATGAGAAACTATGAAGTTGCGACGCATCAAAACATTTCACTTCCCTTGGATATTACTGATTTT-CAGGGATTTGATTTUATTTTGTTAGA 2300 T A L E M R N Y E V A T H Q N I S L P L D I T D F Q G F D L I L L D 53
EcoRV
TATCATGATGTCAAATATTGAAGGGACAGAAATTTGTAAAAGGATTCGCAGAGAAATATCAACTCCAATTATCTTTGTTAGCGCGAAAGATACAGAAGAG 2400 I M M S N I E G T E I C K R I R R E I S T P I I F V S A K D T E E 86
GATATTATAAACGGCCTAGGTATCGGTGGGGATGACTATATTACTAAGCCTTTTAGCCTTAAACAGT¶GTTGCAAAGTGGAAGCAAATATAAAGCGAG 2500
D I I N G L G I G G D D Y I T K P F S L K Q L V A K V E A N I K R 120
AGGAACGCAATAAACATGCAGTTCATG1.m TCGAGATTCGTAGAGATTTAGGACCAATTACATTTTATTTAGAAGAAAGGCGAGTCTGrTGTCAATGG 2600 E E R N K H A V H V F S E I R R D L G P I T F Y L E E R R V C V N G 153
TCAAACAATTCCACTGACTTGTCGTGAATACGATATTCTTGAMTACTATCACAACGAACTTCTAAAGTTTATACGAGAGAGGATATTTTATTGAACGTA 2700
Q T I P L T C R E Y D I L E L L S Q R T S K V Y T R E D I Y D D V 186
TATGATGAATATTCTAA7GCAC7TTTTCGGTCAATCTCGGAGTATATTTATCAGATTAGGAGTAAGTTTGCACCATACGATATTAATCCGATAAAAACGG 2800 Y D E Y S N A L F R S I S E Y I Y Q I R S K F A P Y D I N P I K T 220
* SalI
TTCGGGGACTTGGGTATCAGTGGCATGGGTAAAAAATATTCAA7GCGTCGACTGATATGGCAAGC7GTCATTGAAATTATCATAGGTACTTGTCTACTTA 2900 V R G L G Y Q W H G * 229
E c R V . *. TCCTGTTGTTACTGGGCTTGACTTTCTTTCTACGACAATTGGACAAATCAGTGGTTCAGAAACTATTCGTTTATCTTTAGATTCAGATAATTTAACTATT 3000
EcoRV TCTGATATCGAACGTGATATGAAACACTACCCATATGATTATA¶TATrTTGACAATGATACAAGTAAAATTCCGGAGGACATTA[GTTCAAGTCGGAT 3100
GTACCTAGTTTIMTAGCTTCAAAACAGTCTTCACATAATATTACAGAAGGAGAAATTACTTATACTTAT¶TAAGCAATAAGCA1TTTTCAGTTGT7TTAA 3200
GACAAAACAGTATGCCTGAATTTACAAATCATACGCTTCGTTCAATTTCTTATAAT'CAATTTACTTACCTTTTCTTTTTTTTGGTGAAATAATACTCAT 3300
TATTTTTTCTGTCTATCATCTCATTAGAGAATTTTCTAAGAATTTTCAAGCCGTTCAAAAGAT¶TCATTGAAGATTCGGGGAAATAACTAC¶TTTCCTGA 3400
. .PstI ACAAGAGGAATCCAAAAATTATCAATTTGATCCGTTGACCTCCAG 3446
FIG. 3. Nucleotide sequence of the 3.5-kb HindIII-PstI fragment containing nisP and nisR and the translated amino acid sequence of the
two major ORFs. Relevant restriction sites are printed at their positions above the sequence. Boxed amino acid sequences indicate the
putative active-site residues. An arrow indicates the putative signal peptide cleavage site, whereas the putative membrane anchor sequence
is underlined.
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FIG. 4. Expression of the nisP and nisR genes in E. coli. (A)
SDS-PAGE analysis ofE. coli extracts containingnisR constructs in
the expression vector pET8c, after induction with IPTG. Lanes: 1,
molecular mass marker; 2, E. coli JM109(DE3)(pET8c); 3, E. coli
JM109(DE3)(pNZ9124); 4, E. coli JM109(DE3)(pNZ9127). The ar-
row points to the nisR gene product. (B) SDS-PAGE analysis of E.
coli extracts in which nisP was expressed, after labeling with
35S-Met and induction with IPTG. Lanes: 1, molecular mass marker;
2, E. coli JM109(DE3)(pNZ9125A); 3 and 4, E. coli JM109(DE3)
(pNZ9125); 5, E. coli JM109(DE3)(pET8c). The arrow points to the
nisP gene product.
against mature nisin A or against synthetic leader peptide
(data not shown). These results indicate that the 6-kDa
peptide is precursor nisin with the leader sequence still
attached to the 34 residues of mature nisin (Fig. 7). The
presence of the nisP gene did not lead to cleavage of
precursor nisin in these studies.
Activity of the nisP gene product. Since the activity of the
nisPgene product did not become apparent from our expres-
sion studies in L. lactis strains, we tried to determine its
activity in vitro in cell extracts from induced E. coli strains
carrying the nisP gene. Incubation of extracts of induced
cells of E. coli JM1O9(DE3) harboring pNZ9125 with the
6-kDa purified precursor nisin peptide increased the antimi-
crobial activity of this peptide in a bioassay with Micrococ-
cusflavus approximately 50-fold compared with the control
(Table 1). Increased bioactivity is presumably due to cleav-
age of the leader peptide. The cleavage activity was also
detected when precursor peptide was incubated with cells of
L. lactis NZ9800, which contains a complete copy ofTnS276
but does not produce nisin A because of a site-directed
mutation in the nisA gene. Whole cells of L. lactis NZ9800,
but not the supernatant or a membrane-free extract, were
able to generate nisin that was at least 50 times more active
than precursor nisin as determined by bioassay (Table 1).
The activation also occurred by incubation of the precursor
peptide with trypsin, which is known to cleave on the
C-terminal side of arginyl and lysyl residues, suggesting that
cleavage indeed occurred betweenArg at position -1 and Ile
at position 1 (Table 1; Fig. 7). It is also known that nisin itself
is very resistant to high concentrations of trypsin, probably
because of the location of the internal lysyl residues, just in
front of lanthionine bridges, which probably makes them
inaccessible to trypsin (data not shown). Analysis of the
incubation mixtures on RP-HPLC confirmed that the precur-
sor peptide was cleaved during incubation to give rise to a
nisin A peak (Fig. 8). These results show that the precursor
peptide can be cleaved to form active nisin A by a factor
located on the outside of the lactococcal cells. This factor is
probably NisP.
DISCUSSION
This study describes the cloning of TnS276 DNA frag-
ments that confer to the non-nisin producing L. lactis strain
MG1614 the ability to produce and secrete precursor nisin,
the last intermediate in the production of nisin. We have
identified two novel genes of the nis operon in these frag-
ments, nisP and nisR. Deletion studies showed that the nisR
gene is essential for the production of precursor nisin. The
deduced amino acid sequence of NisR shows significant
similarity to those of the regulatory proteins of two-compo-
nent systems. Recently, the cloning of the complete epider-
min biosynthetic operon and the complementation of a
nonproducing strain of Staphylococcus carnosus were re-
ported elsewhere (4, 46). No significant similarity (<20%
identity in 152 residues) was observed between NisR and the
epiQ gene product, which was proposed to be the regulator
for the expression ofthe epidermin operon (46). The involve-
ment of a potential regulatory protein in the nisin biosyn-
thetic pathway suggests that the biosynthesis of nisin in L.
lactis is regulated. There are some reports of various levels
ofnisin in the medium of producer strains, depending on the
amount and type of carbon sources on which strains are
grown (13). It was proposed that nisin production is regu-
lated by a metabolic control system linked to the ability to
ferment sucrose (13). The analyzed TnS276 fragments did
not contain any gene encoding a protein homologous to the
sensor kinase proteins oftwo-component systems. Recently,
the cloning and characterization of two regulatory genes,
spaR and spaK, of the subtilin biosynthetic gene cluster
were reported (27). It was shown that subtilin biosynthesis is
under control of a histidine kinase/response regulator sys-
tem. In the nis operon, no gene analogous to spaK was
found, but we did detect significant similarity between the
sequences of nisR and spaR (Fig. 6). A sensor component
has not yet been identified for all two-component regulatory
systems that have been investigated (for a review, see
reference 63). Moreover, NisR might be phosphorylated by
a chromosomally encoded sensor protein kinase in L. lactis
or by the protein kinase of the sucrose phosphotransferase
uptake system encoded by Tn5276 (56). Another explanation
for the functionality of NisR could be that the high level of
expression of nisR, because it is located on a multicopy
plasmid, promotes nisin expression in the absence of a
kinase gene. This phenomenon has been reported in the case
of iep and degU genes, in which hyperexpression of the
regulator increases the expression level of the target genes
(55).
The second gene which was identified in this region of
TnS276 was designated nisP. The putative NisP polypeptide
belongs to the family of subtilisin-like serine proteases, the
subtilases (50). NisP, whether produced in L. lactis strains
or in E. coli cells expressing the nisP gene under control of
the T7 promoter, cleaved off the leader peptide sequence
from purified precursor nisin in vitro (Table 1; Fig. 7).
However, we were unable to demonstrate this cleavage
activity in vivo in L. lactis strains by cloning the nisP gene
on a lactococcal plasmid vector. It cannot be excluded that
a peptidase, encoded elsewhere on TnS276 of L. lactis, is
required for the maturation of NisP. The function of NisP is
most likely to cleave off the leader sequence from the
precursor nisin. Initial molecular modelling studies, based
on the homology of putative mature NisP with thermitase
and subtilisin, for which the three-dimensional structures
have been determined, predict that the amino acid sequence
around the cleavage site of the precursor peptide would fit
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PKVSGALALVVDKYGIKNPNQLKRFLLMNSPEVNGNRVLNIVDLLNGKNKAFSLDT-(111)
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EpiP PKVSGALALEIDKYQLKDQPETAIELFKKKGIEKE-KYMDKXHYGNGKLDVYKLLKE 461
Ther PHVAGVAGLLASQGR--SASNIRAAIENTADKIS----GTGTYWAXGRVNAYKAVQY 279
Subt PHVAGAAALILSKHPNWTNTQVRSSLENTTTKLG-----DSFYYGKGLINVQAAAQ 275
* * * * *
FIG. 5. Multiple sequence alignment ofthe proposed catalytic domain ofNisP fromL. lactis with those of selected members ofthe family
of subtilisin-like serine proteases, based on the alignment of the entire family (50). Gaps are indicated by hyphens. EpiP, putative epidermin
leader peptidase from S. epidermidis (46); Ther, thermitase from Thernoactinomyces vulgaris (35); Subt, subtilisin BPN from Bacillus
amyloliquefaciens (64). Numbering of thermitase and subtilisin is from the mature N terminus; numbering of NisP and EpiP is from the start
of their pre-pro-sequence, since their mature N termini have not been determined yet. Catalytic triad residues Asp, His, and Ser and the
oxyanion hole residue Asn are boxed. 1, Identical residues between NisP and EpiP; *, identical residues in all four sequences.
specifically in the substrate-binding region of the mature
NisP protease (49).
The primary sequence of NisP has the features of a
pre-pro-protein, which would imply that NisP is synthesized
as a precursor protein and subsequently exported across the
cell envelope. The pro-NisP protein would then have to
undergo a further maturation to become active as a protease.
The maturation of the NisP protease could be a process
similar to that of the related (albeit much larger) cell enve-
lope proteinase of L. lactis SK11, requiring PrtM as helper
protein (62), or it could be autocatalytically processed to its
mature form as is common in this family of serine proteases
(50). Our data, obtained with E. coli cell extracts in which
the nisP gene was expressed, showed that the nisP gene
product is active when produced in E. coli. The size of the
NisP protein synthesized in E. coli (54 kDa) corresponds
well to that of the mature form expected in L. lactis on the
basis of sequence similarities with other proteases belonging
to the subtilisin family. On the basis of the resemblance to
the last four residues of the nisin leader peptide (ASPR), a
putative autocatalytic cleavage site in NisP is found after
residues 192 to 195 (VSLR), predicting a protein of 487
amino acid residues with an expected molecular mass of
approximately 54 kDa. It cannot be excluded, however, that
in E. coli, translation of the nisP mRNA starts at a different
codon, downstream from the proposed start codon, giving
rise to a (active) protein shorter than what would be ex-
pected. Primary sequence data, as well as incubation exper-
iments of purified precursor nisin with whole cells of L.
lactis NZ9800 (Table 1), suggest further that the protease is
attached to the cellular membrane via an anchor sequence.
In the epidermin operon, a gene was found, epiP (4), which
encodes a protein with homology to NisP and to other
subtilases (50) (Fig. 5). However, the putative EpiP protease
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MAKILAVD EKDILVLIQNILRRDQHQVDILDHV-HGQPPDVFQGYDLILI DVMMPDID
MQENYKILVVD DMRLRALLERYLTEQGFQVRSVANAEQMDRLLTRESFHLMVL MLPGED
MNKKILVVD EESIVTLLQYNLERSGYDVITASDGEEALKKAETEKPDLI PKLD
*** *** * * *****
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GTEICKRIRRPE-ISTPIIFVSAKDTEEDIINGLGIGGDDYI rPFSLKQLVAKVEANIKR
l' l' l I'
GFELCKQIRPL-VDCPILFLTAKTEEEAIVKGLITGGDDYI KWFGVRELSARVNAHLRR
GLSICRRLRSQSNPMPIIMVTAKGEEVDRIVGLEIGADDYI PFNPRELLARIRAVLRR
GIEVCKQLRQQKLMFPILMLTAKDEEFDKVLGLELGADDYMT PFSPREVNARVKAILRR
* * * ** ** * ** * *** *** * * *
120 130 140 150 160 170
NiSR EERNKHAV---HVFSEIRRDLGPITFYLEERRVCVNGQTIPLTCREYDILELLSQRTSKV
SpaR ERRDKH---------QSKRVISGFLFHFDSKEVFINNNKLNLTKNEYKICEFLAQHKGRT
OmpR QANELPGA---PSQEEAVIAFGKFKLNLGTREMFREDEPMPLTSGEFAVLKALVSHPREP
PhoP SEIRAPSSEMKNDEMEGQIVIGDLKILPDHYEAIFKESQLELTPKEFELLLYLGRHKGRV
** * *
180 190 200 210 220
NisR YTREDIYDDVYDEYSNALFRSISEYIYQIRS-KFAPYDINP--IKTVRGLGYQWHG
SpaR FSREQIYEEIYGLEGNALYSTITEFIRTIRK-KCKEHNADP--IKTVWGVGYKWE
OmpR
PhoP
LSRDKLMNLARGREYSAMERSIDVQISRLRR-MVEEDPAHPRYIQTVWGLGYVFVPDGSKA
LTRDLLLSAVWNYDFAGDTRIVDVHISHLRPTKIENNTKKPIYIKTIRGLGYKLEEPKMNE
* * * * * * * **
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FIG. 6. Multiple sequence alignment of NisR from L. lactis with selected members of the family of transcriptional regulatory proteins of
two-component regulatory systems (1). SpaR, B. subtilis putative regulator protein (27); PhoP, B. subtilis regulator protein PhoP (48); OmpR,
E. coli regulator protein OmpR (7). Active-site residues are boxqd, and the predicted phosphorylation site (Asp-53) is shown by an arrowhead.
1, Identical residues between NisR and SpaR; *, identical residues in all four sequences.
does not contain such an anchor sequence, suggesting that
the location of this protease may be different in S. epider-
midis.
The 6-kDa peptide produced and secreted by L. lactis
MG1614 carrying pNZ9111, pNZ9112, or pNZ9114 is prob-
ably the final intermediate peptide in biosynthesis of nisin.
Immunological studies, N-terminal amino acid sequence
data, and preliminary 'H-nuclear magnetic resonance anal-
ysis revealed that this precursor peptide very likely contains
a 34-residue mature nisin part in which all of the modifica-
tions (i.e., lanthionine bridges and dehydrations) have been
completed, but from which the (unmodified) leader sequence
has not been cleaved (Fig. 7).
The findings described in the present paper shed new light
on both the sequence and the location of events that result in
the formation of fully mature nisin. First, the results show
-10 -15 -20
precursor nisin A
FIG. 7. Schematic representation of the primary structure of the
isolated and characterized precursor nisin A. Dha, dehydroalanine;
Dhb, dehydrobutyrine; Ala-S-Ala, lanthionine; Abu-S-Ala, P-meth-
yllanthionine.
that precursor nisin (Fig. 7) is devoid of antibacterial activ-
ity. Second, it is demonstrated that the leader peptide of
nisin is not modified. Third, there is strong evidence for the
fact that proteolytic processing of a fully modified precursor
peptide is the last step in nisin biosynthesis. A similar
sequence of events for the lantibiotic epidermin has been
proposed elsewhere (47). Fourth, this proteolytic activation
takes place outside the lactococcal cells. Fifth, secretion of
the intermediate precursor nisin is independent of cleavage
of the leader peptide and apparently occurs in strains in
which the NisP protease is not active.
TABLE 1. Cleavage of the nisin A precursor determined by an
agar diffusion assay monitoring antimicrobial activity
Nisin A
Incubation mixture concn
(1lg/ml)a
Nisin A precursor......................................... <0.1
Nisin A precursor + MG1614 supernatant ........... ........... <0.1
Nisin A precursor + MG1614 membrane-free extract........ <0.1
Nisin A precursor + MG1614 whole cells ............ ........... <0.1
Nisin A precursor + NZ9800 supernatant ............ ........... <0.1
Nisin A precursor + NZ9800 membrane-free extract ........ <0.1
Nisin A precursor + NZ9800 whole cells........................ 5
Nisin A precursor + E. coli JM109(DE3)(pNZ9125)
extract......................................... 50
Nisin A precursor + E. coli JM109(DE3)(pET8C)
extract......................................... 0.8
Nisin A precursor + trypsin......................................... 150
a Concentrations of nisin A after a 30-min incubation in the mixtures were
determined from the agar diffusion test (11). All control incubations without
nisin A precursor showed no antimicrobial activity.
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FIG. 8. RP-HPLC elution patterns of the peptide species present
in the incubation experiments with purified precursor nisin A. The
top shows the elution profile of precursor nisin A prior to the
incubations. The two middle elution profiles were taken from the
incubations of precursor nisin A with trypsin and with E. coli
JM109(DE3)(pNZ9125) cell extract after 30 min. The lowest profile
shows the elution pattern of standard nisin A. OD220,m, optical
density at 220 nm.
The cloning of the TnS276 fragment reported here and its
complementation of non-nisin producing L. lactis strains
offer the possibility of studying further the function of the
other nis biosynthesis genes, by making specific interrup-
tions in those genes and analyzing the production of mature
nisin or of precursor peptides both intracellularly and extra-
cellularly.
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